experiments, is slightly modified and is shown to describe the relaxation time curves of all nuclei ^H/H/Li) with only one adjustable parameter for light and heavy water. Self-diffusion coefficients serve to calculate the contribution to the relaxation rates from positional fluctuations of the spin-bearing particles. It is found that D( l U) > D{ 7 Li) and that the proton mobility is less strongly slowed down when the temperature is lowered towards the glass temperature. Possible relations between this excess proton mobility and a recently observed excess proton conductivity are discussed.
Introduction
The physical properties of aqueous LiCl-solutions have been studied by a variety of experimental techniques in the past. Recently the molecular motions of water molecules could be investigated in strongly undercooled LiCl-solutions in the composition range 4.5 < C (= moles H 2 0/mole LiCl) < oo via 2 H spin-lattice relaxation time (Fj) measurements [1] [2] [3] . At low temperatures molecular motions are slowed down and the observed relaxation rates (R x = 1/7^) become sensitive to the details of the molecular dynamics. A simple motional model has been developed for water molecules hydrating the cations in a solution with composition C = 4.55 and a two-state assumption was sufficient to calculate the relaxation rate curves R x (T) for all compositions C > 4.55. In the present investigation *H and 6 Li relaxation time as well as self-diffusion coefficient measurements in 11 m LiCl/H 2 0 solutions are reported. Both nuclei relax mainly via magnetic dipole-dipole interactions [4] . The latter are modulated by orientational and positional fluctuations of the spin-bearing particles. Hence, whereas 2 H relaxation rates monitor single particle orientational fluctuations only, rotational and translational diffusive modes determine the relaxation rates of *H and 6 Li-nucIei. Self-diffusion coefficient measurements provide a direct measure of the positional fluctuations in the system and allow the calculation of the contribution of the translational diffusive modes to the observed relaxation rates.
Bruker MSL-300 spectrometer (B {) -7.05 Tesla). They are considered reliable to ±10%. The self-diffusion coefficient measurements were done with a home-built probe with Helmholtz-coils providing the pulsed field-gradient. Details of the probe have been published elsewhere [5] . The self-diffusion coefficients are accurate to ±5% except for the lowest temperatures where the accuracy degrades to ^ 10%. The temperatures were measured with a miniature chromelalumel thermocouple (Philips, Kassel) and are accurate to ±1 K.
Theory
A wealth of information concerning the average local structure of the ion -water arrangement and the water molecule geometry in concentrated aqueous LiCl-solutions is available from neutron -and X-ray scattering [6 -9] , NMR [10] [11] [12] , MD [13, 14] -and MC [15, 16] Theoretical expressions for the relaxation rates have been worked out for electric quadrupole interactions [2, 3] but may be obtained for magnetic dipole interactions in a straightforward manner. For ^-nuclei the pertinent relaxation rate may be decomposed into an intramolecular and an intermolecular contribution due to the dipolar coupling to the second proton within the water molecule and to all other protons as well as to the nuclei 7 Li (92.58%) and 6 Li (7.42%).
M1H) = K^aUH) + R Untcr (lH)
with Rt,intra(lH) = ^oR(lH-lH)
+ 0.0742 -/W(lH-6Li) and
K Mnter (lH) = R ](PO s(lH-lH) + ^pos(lH-7Li) . (lb)
In general dipolar relaxation rates between like spins (/,/') and unlike spins (/, S) are given by
and
respectively with J(w) the spectral density function of the relevant fluctuating variable [2, 3] . The intramolecular contribution monitors orientational fluctuations only. The rotational propagator according to the motional model has been obtained recently [2] and may be applied yielding [6] and are compiled in Table 1 . Concerning the Li-H correlations there is some scatter in the data obtained from various sources [14] . F(OJT) and F{O>T,V) are given by the terms in brackets in Eqs. (2) and (3) respectively with 
(10)
with constant average distance r Li . H . The corresponding relaxation rate K 1<OR (6Li-lH) may be obtained from Eq. (6) by interchanging co H and co 6Li and replacing <COR(lH6Li)> by
In deducing these expressions it had to be assumed that time-scale separation pertains between the torsional and the diffusive modes, that the anisotropic diffusive mode with correlation time T; and the isotropic overall tumbling mode with correlation time x, are statistically independent, that the mean residence time T c x is at least of the order of the correlation times Tr,Tj, i.e. i r> ij < r ex , and that the interaction is completely randomized on exchange [19] . This should be a reasonable assumption for small molecules providing the perturbing surface because of the vanishingly small probability for surface reencounters within i r [20] . Further it is important to realize that an exponential decay of the orientational correlation function for times t > i r is implied by Eq. (7), though non-exponential correlation functions are commonly observed in undercooled systems near their glass transition temperatures [21] . However, data at different fields B 0 and at very low temperatures corresponding to the slow motions regime (COT > 1) are necessary to differentiate between a Debye-and a Kohlrausch law [22, 23] . The 2 H-T } could not be followed to low enough temperatures at 2.35 Tesla to allow a decision between both relaxation laws.
Although the spin quantum number of the 6 Li-nucleus is 7=1 it has all virtues of a spin 1/2 nucleus due to the extremely small electric quadrupole moment [24, 25] . Hence the spin-lattice coupling is mediated predominantly via magnetic dipole interactions. Due to the well-defined hydration sphere of the Li + -cation together with a reasonably long mean residence time of the water molecules in the coordination shell [26] the dipolar interaction of the 6 Li-nucleus with the protons of the adjacent water molecules is assumed to be modulated by orientational fluctuations only
•<(W 3 >W4n)] 2 -n" (12) with n H = 8 the number of nearest neighbour protons.
Intermolecular dipolar interactions are to a large extent modulated by translational motions of the spin-bearing particles. The translational propagator needed to calculate the corresponding correlation function of the fluctuating variable is assumed to obey a force-free diffusion equation with reflecting boundary conditions [27, 28] . Any pair-correlation effects are neglected [29] as well as a coupling of rotational and translational motions [30] . The intermolecular relaxation rates of Eq. (1 b) are given by
with
F(COT) and F((WT t e 1 ) are again given by the term in brackets in Eqs. (2) and (3) with
^t_s is the distance of closest approach of the spin-bearing particles and Acir(X) the experimentally determined selfdiffusion coefficient of the species X. The contribution from positional fluctuations to the 6 Li relaxation rate
Ri pos(6Li-lH) is given accordingly by
Results and Discussion
During the last years we had been interested in the anomalous physical properties of undercooled water resulting from the build-up of long-range structural correlations within the random transient hydrogen-bonded network. These cooperative phenomena imply an increasing correlation length and a strong slowing down of structural fluctuations with decreasing temperature. To that end spin-lattice relaxation times of *H, 2 H and 17 0 have been measured to study the molecular motions of water molecules in the metastable phase and to investigate how these motions become modified by the addition of network breaking agents like hydrostatic pressure or ionic solutes [3, 31] . It has been shown that a destruction of the H-bond network suppresses long-range density-density correlations and turns water into a normal viscous liquid which then can be undercooled quite substantially. This is especially true for highly concentrated aqueous electrolyte solutions which can be undercooled to their respective glass-transition temperatures. At these temperatures the observed spin-lattice relaxation rates become sensitive to the details of the molecular motions. Hence models of the molecular dynamics, generally necessary to interpret NMR-relaxation rate curves, can be tested more thoroughly and structural parameters deduced.
While investigating the dynamic properties of water molecules in undercooled LiCl -D 2 0 solutions by { H-T { measurements [2] advantage has been taken of the fact that in a solution of composition C = 4.55 all water molecules may be considered to belong to the hydration sphere of the Location. Consistent with the local structure of the Li + (H 2 0)"C1 _ clusters as deduced from solid-state NMR [10] of the glassy phase and in accord with the assertion that the average local structures in the glass and in the undercooled solution are closely related, the simplest possible model has been developed and applied successfully to interpret 2 H~T X data. Two earlier investigations of highly concentrated LiCl-solutions were either not in accord with structural details of the hydration complex [32, 33] or resorted to empirical distribution functions of microscopic time constants characterizing the dynamics of water molecules in the clusters [10, 17] . Again both models posses a very different frequency dependence in the slow motions regime. Although the applied model was simple with only a minimum of adjustable parameters and prooved adequate to describe the 2 H-r { in all undercooled alkali-halide solutions with composition C > 4 [2, 3] , some features of the model need further experimental test.
Interpretation of the Model Parameters
In our earlier investigations it turned out that the 2 H-T { are not very sensitive to the details of the orientation of a water molecule relative to the Li + -cation, i.e. whether on average a trigonal or a tetragonal configuration applies. This is because the angle /? DF [2] between the local director and the mean OD-bond direction changes by only 16 deg. in going from the trigonal to the tetragonal configuration. Thus the tetragonal configuration has been assumed following neutron scattering results [6] . It seems to be the preferred orientation in most crystal hydrates also [34] . Also the temperature dependence of the correlation time of the tumbling mode r r and of the anisotropic internal mode Tj were unknown a priori. Guided by the shape of the deuterium relaxation rate curve R X (T) with its strong non-Arrhenius T-dependence in the fast motions regime at high temperatures, the seemingly Arrhenius behaviour at low temperatures and the glass-forming ability of these solutions led to the suggestion that the T-dependence of the relaxation rate is dominated at high temperatures by a Vogel-Tammann-Fulcher (VTF)-type [2] behaviour of the tumbling mode represented by r r = T r0 ex P (fl r /(r-r () )) (18) with B R an apparent activation energy of the collective structural rearrangements and T 0 the transition temperature of global motional arrest. Though signifying kinetic localisation, it should be closely related to the Kauzmann temperature r K , where the entropy of the liquid and the solid phases of the system would match. According to this law the relaxation rate should slowdown strongly at low temperatures contrary to what is actually observed. Hence, within this two-mode approximation, another mode with a much weaker T-dependence must take over at low temperatures and dominate the relaxation. This local anisotropic mode x { is considered a thermally activated process with its concomittant Arrhenius-type behaviour T, = T l0 exp(£ a /£r).
It may resemble those local modes which are commonly thought to be responsible for the /^-relaxation in glassy systems and which are still active below the glass-transition temperature T Q [35] . Further it had been assumed earlier that TCX Tr,Tj thereby neclecting T c x , although with the weaker condition r ex ^ T,.,TJ Eqs. (4) - (11) are still valid [19] . Not to introduce further unknowns and because only 1/T 0 = l/r r + 1/T cx enters, the reasonable suggestion will be made that T CX (T) also follows a VTF-law giving to = Too ' exp(B,/(r-T 0 )) .
Estimation of the Parameters for Orientational Fluctuations
But how to cope with the various parameters in these equations? In the previous treatment [2] it has been explained how to estimate B R . Regarding T [H a correlation between experimentally determined glass temperatures T g and temperatures of minimum relaxation time T MIN has been noted in this and other systems [1 -3] and used to predict the temperature of global motional arrest T 0 . As experi- 7 Li and protons or deuterons [33, 37] . Thus the electric quadrupole interaction dominates completely implying large fluctuations of the electric field gradient (efg) at the ion [38, 39] , hence of the symmetry of the proton arrangement within the hydration shell.
ln(T,) versus (T-T X) )~[ demonstrating the absence of magnetic dipole interactions between
Because the relaxation time minima of the 7 Li-7"i data occur at similar temperatures as for the water nuclei the 7 Li-efg fluctuations are also driven by those motional modes leading to the relaxation of 'H, 2 H and 6 Li [37] . These aspects, however, will be dealt with in a subsequent paper [40] . Raman-and lR-spectra of aqueous electrolyte solutions [43] . Moreover experimental determinations [44] of the frequency of the band maximum of the hydration water component in aqueous alkali-halide solutions indicate a shift to lower frequencies (depending on the concentration) compared to neat water whereas molecular dynamics simulations [13] A . Of course, any other choice of t i0 will influence the resulting value of £ a . The parameters are given in Table 1 and Fig. 2 shows the 2 H relaxation time curves for solutions with composition C = 4.55 and C = 16.67.
The Two-Site Approximation
The. /^(T^-curves for the more dilute solution have been calculated within the two-site approximation [2, 17] (24) with an assumed hydration number n = 6 on which recent neutron-scattering and computer simulation results seem to converge. But with n = 4.55 a slightly better description of the relaxation time curve is obtained at high temperatures. Around the minimum both curves are virtually indistinguishable. As has been demonstrated earlier [2, 17] both rates in Eq. (24) have to be taken at the same reduced temperature (T -T 0 (C,p)) as pertains to the actual solution under investigation because the clusters are in dynamic equilibrium. It is for this reason that the physical properties of the bulk water are different from neat water if compared at the same temperature. Also because of the short mean residence time of water molecules beneath a CI "-anion the influence of the latter on the bulk water dynamics is simply contained in the parameter T 0 of the system. The local anisotropic mode contributes to the relaxation time curve T x (T) only at temperatures T < T m[n significantly. At these temperatures the tumbling mode slows down strongly and the local mode dominates the relaxation. Thus reliable apparent activation energies E. d may be deduced only if sufficient data at temperatures T < T min can be collected. For the 2 H-T { measurements this was possible only at the higher field (2? 0 = 7 Tesla), because the low temperature limit is set by the deuteron nmr glass transition where the inverse correlation time l/x r becomes less than the quadrupole coupling constant. The deuteron spectrum then looks very broad, characteristic of a solid. A slight reduction of the deuterium quadrupole coupling constant / e fr( 2 H) to 192 kHz yielded even better agreement at the minimum of the relaxation time curve. Also T 0 O = 0.20 ps results from adjusting the high temperature data.
Estimation of the Parameters for Positional Fluctuations
In order to use these parameters to calculate the contribution from orientational fluctuations to the ^H and 6 Li relaxation rate in H 2 0 one must account for the known isotope effect upon librations and the glass temperature T {) [3, 18] . Also the apparent activation energy E. A may differ in light water. It can be extracted from the low temperature data if the contribution to the { U and 6 Li relaxation rates from positional fluctuations can be calculated with Eqs. (13), (14) and (16) . The parameters entering these expressions, which have to be known, are the number density N s of interacting spins relaxing the nucleus under consideration. It can be calculated from the mass density of the solution which is known [45] . The distances of closest approach d } _ s may be taken from partial radial pair-distribution functions deduced from computer simulations. A value of d un = 0.225 nm and d mA = 0.335 nm will be used as obtained in a MDsimulation of a concentrated LiCl -H 2 0 solution [14] . The latter agrees well with d ul] = 0.340 nm as calculated from the radii of the cation and the water molecule. It should be remembered that any pair-correlation effects as well as excentricity effects are neglected in the theory leading to Eq. (15) . Consequently the spins are considered to sit in the center of the particles. Nevertheless experimental distances of closest approach between the spin-bearing atoms are used. Table 1 Self-Diffusion of Protons and Li + -Cations
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The self-diffusion coefficients of the Li + -cations and of the protons entering the spectral density functions (Eqs. (13) - (16)) could be measured to 213 K. The experimental data are shown in Fig. 3 . If they are plotted in a modified Arrhenius diagram versus (T-T 0 ) with To = 133 K as predicted according to the general rule discussed above, straight lines are obtained justifying the assumption of a VTF-type temperature dependence as for the tumbling mode. This pronounced non-Arrhenius behaviour is in clear contradiction to assertions made earlier [32, 33] and invalidates conclusions drawn thereoff about the mobility of water molecules at the glass-transition.
The self-diffusion coefficient of water protons Z)(1H) is larger and possesses a slightly weaker temperature dependence than the self-diffusion coefficient of the Z)(Li f ). This implies a larger translational mobility of water protons and a stronger slowing down of the mobility of Li + -cations. At first sight this observation seems to jeopardize the assumption of a well defined hydration shell of the cations with T CX at least of the order of TD,TR as well as the assertion of a close correspondence of local structures in the glassy phase and in the undercooled liquid phase [3, 10, 46] . But a higher proton mobility compared with the diffusivity of the cations may arise in two different ways. Either are the positional fluctuations of the Li + -ions and their surrounding water molecules largely uncorrected because of short mean residence times of the water molecules in the hydration shell or the protons possess an extra freedom to migrate due to short mean lifetimes within a water molecule.
The former possibility would imply T cx <^ r d (ion) = 35 ps at T = 300 K. Note, however, that a study of the cationic diffusivity of LiN0 3 dissolved in liquid ammonia, a strongly polar solvent with greatly diminished H-bonding abilities, showed £>(Li + ) = £>(NH 3 ) above 20 mole-% metal [47] demonstrating that 4 ammonia molecules hydrate a Location and diffuse with it because of a long enough mean residence time. Although r cx is not really known, estimates exist in the literature. A MD-simulation of Li An extra proton mobility over that of the water molecules might arise because of the strong polarization of the OHbond of a water molecule in the Li + (H 2 0) 4 C1~ clusters, leading to a large hydrolysis constant invoked recently to explain the p, 7-dependence of the conductivity in concentrated LiCl -H 2 0 solutions [48] . In this context it is interesting that the postulated excess proton mobility was envisaged to depend on the local anisotropic reorientation of a water molecule in the hydration sphere. As this mode possesses a much weaker temperature dependence at low temperatures one might conclude that the proton diffusivity will also exhibit a weaker temperature dependence than the ionic diffusivity. The latter should be determined largely by the configurational fluctuations associated with the glasstransition, hence the VTF-parameters should be similar to those found for the tumbling mode. This is corroborated by the best-fit parameters collected in Table 1 . If B p (Li) is given the value of B T an almost equally good description of the temperature dependence of the cationic diffusion coefficient results.
With these ingredients Eqs. (13) - (16) have been used to calculate the contribution from positional fluctuations to the ! H and 6 Li relaxation rates. The analogous determination of the contribution from orientational fluctuations with Eqs. (4) - (12) requires knowledge of the internuclear distances r HH and rHLI* Both have been taken from neutron scattering data [6] , although it should be noted that X-ray and computer simulations give somewhat larger distances [14] . The good agreement between the calculated and the experimental relaxation rates for both *H and 6 Li nuclei (see Fig. 4 ) thus confirms the neutron scattering results. Last, it turned out that the apparent activation energy E d of the local anisotropic mode had to be adjusted to obtain the right slope of the relaxation time curves at low temperatures. The adjustment had been made with the ^H-T { data alone. The activation energy is slightly smaller in H 2 0 than in D 2 0. This might be due to the weaker H-bond strength in light water, although hydrogen bonding is certainly not extensive in this system. The deviation of the longest 6 Li-r, from the calculated curve may arise from small amounts of paramagnetic impurities. Table 1 Conclusions A two-mode approximation for orientational fluctuations and experimentally determined translational diffusivities prooved adequate to describe the relaxation time curves of the various nuclei ^H^H/Li) extending well into the slow motions regime near the glass-transition. Hence the dynamical model, proposed recently, is internally consistent and corroborates the average local structure of the Li + (H 2 0)"C1~ clusters as deduced from NMR and Neutron scattering experiments. It incorporates the strongly non-Arrhenian T-dependence of dynamic properties at medium undercooling and the return to an Arrhenius behaviour at strong undercooling in terms of a VTF-type behaviour of global structural rearrangements in contrast to an Arrhenius behaviour of thermally activated local modes dominating the relaxation near the glass-transition. But the dynamical model with its current parameterization fails to reproduce the relaxation time curve of 6 Li in LiCl/D 2 0 in the slow motions regime. The model predicts a further minimum due to the local anisotropic mode not seen experimentally. This points to a deficiency of the spectral density function and calls for a more elaborate treatment of the local anisotropic fluctuations. However the very weak spin-lattice interactions (note the extremely long relaxation times) render this system potentially sensible to artefacts due to a contamination with paramagnetic impurities. Further experiments at different frequencies, currently under way in our laboratory, are necessary to resolve that issue and to supply further information as to the form of the spectral density functions involved. This is also obvious from the mere fact that the two earlier investigations of this system could describe their data with two motional models with distinctly different frequency dependences in the slow motions regime.
